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We describe an all-fiber nonlinear interferometer based on four-wave mixing in highly nonlinear fiber. Our
configuration realizes phase-sensitive interference with 97% peak visibility and >90% visibility over a broad
554 GHz optical band. By comparing the output noise power to the shot-noise level, we confirm noise
cancellation at dark interference fringes, as required for quantum-enhanced sensitivity. Our device extends
nonlinear interferometry to the important platform of highly nonlinear optical fiber, and could find application
in a variety of fiber-based sensors.
Effects such as quantum back-action and sample dam-
age limit the optical power and ultimately the sensitivity
of interferometric sensors, making quantum methods the
sole path for improvement in many situations.1–3 In par-
ticular, when such power-constrained sensors reach the
shot-noise limit (SNL), the sensitivity can only be in-
creased by incorporating squeezing or entanglement.4 In
the most widespread configurations, quantum enhance-
ment is realized by injecting quantum light into the un-
used port of a linear interferometer, methodology which
has enabled improvements in the sensitivity of gravita-
tional wave detectors5,6 and even offers promise in sophis-
ticated coupled interferometry as well.7,8 Alternatively,
one can modify the interferometer itself, supplanting
the beam splitters of conventional interferometry with
parametric amplifiers, thus realizing a so-called SU(1,1),
or nonlinear, interferometer (NLI).9 Bolstered by theo-
retical work predicting sub-SNL phase sensitivity with
coherent-state inputs,10,11 the field of nonlinear interfer-
ometry has expanded rapidly in recent years, with four-
wave mixing (FWM) in 85Rb vapor proving a particularly
popular platform.12–17 While free-space systems such as
85Rb and bulk χ(2) crystals18 have revealed the consider-
able potential of NLIs, they are not directly compatible
with optical fiber, technology which underpins a variety
of deployed sensors including gyroscopes, hydrophones,
and current transducers.19,20
In this Letter, we outline work to bridge this gap, con-
structing and testing an SU(1,1) interferometer based on
highly nonlinear fiber (HNLF). We observe 15 dB phase-
insensitive gain, 97% peak interference visibility, >90%
visibility over a wide ∼0.5 THz optical bandwidth, and
noise cancellation at dark fringes. Our all-fiber NLI ex-
pands the reach of SU(1,1) interferometry, and could be
incorporated into a range of fiber-optic sensors.
The core building block of any NLI is its nonlinear
beam splitter: the parametric amplifier which enables
probe and conjugate fields (alternatively, “signal” and
“idler”) to undergo a mixing operation described by
the group SU(1,1).9 In the case of single-mode optical
fiber, FWM performs just such a process, with two of
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the four interacting photons supplied by strong pump
fields and the other two furnished by probe and conju-
gate modes themselves. Naturally occurring in silica and
enhanced by the long lengths available in fiber optics,
FWM can be boosted even further via HNLF possessing
tight mode confinement and engineered dispersion pro-
files. Such FWM has been studied extensively in the
context of phase-sensitive amplifiers (PSAs), which offer
high gain, low loss, and noise figures in principle down to
0 dB.21–25 Thus we enlist HNLF-based PSAs as nonlin-
ear beam splitters in our NLI. After completing this work,
we became aware of another approach for fiber-optic non-
linear interferometry based instead on dispersion-shifted
fiber (DSF).26 While sharing many of the practical ad-
vantages common to fiber optics in general, DSF has a
lower nonlinear coefficient than HNLF and is also not
commercially available. Therefore in making use of more
ubiquitous HNLF, our approach has additional potential
for improving the overall feasibility of fiber-optic NLIs.
Figure 1 shows the experiment. The pump is a
frequency-tunable, passively mode-locked laser (Laser-
Femto) producing ∼5 ps pulses at 33.3 MHz; as seed, we
use a tunable continuous-wave (CW) laser (Pure Pho-
tonics). In SU(1,1) interferometry, seeding the probe
mode with such a coherent state enables sub-SNL phase
uncertainty related to the parametric intensity gain G:
∆φ = 1/(2G
√
N), where N is the number of sensing
photons.11 This enhancement holds at high fluxes, thus
making it practical in application and much less sensi-
tive to pump-induced noise, such as Raman scattering
or residual spontaneous emission. As a consequence, all
results are at room temperature, anticipating a reduced
cost of size, weight, and power in deployed sensors.
We combine the two input fields with a 50/50 coupler
and align their polarizations to maximize power through
an inline linear polarizer, in order to realize optimum
FWM gain. The co-polarized fields then enter a 98 m
long HNLF link (from OFS) possessing a zero-dispersion
wavelength of 1542 nm (194.4 THz). The pump is cen-
tered at 194.05 THz and attenuated initially to the point
where self-phase modulation can just be observed, while
the seed is set to 193.0 THz (chosen to optimize inter-
ference visibility below). The spectrum containing both
the input seed and pump is shown in the top left of
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FIG. 1. Experimental setup, including measured optical spectra (at 2 GHz resolution) at various test points. ATT: variable
attenuator, PC: polarization controller, POL: polarizer, BPF: bandpass filter, RFSA: radio-frequency spectrum analyzer.
Fig. 1; within the HNLF, pulsed probe and conjugate
fields are generated via pump-degenerate FWM, as de-
picted in the top middle of Fig. 1. To aid in system test-
ing, we place a programmable optical pulse shaper (Fin-
isar WaveShaper) after the first HNLF, which compen-
sates the chromatic dispersion of the system and applies
an overall phase to each of the three frequency bands.27
The pulse shaper also defines 1 THz probe, pump, and
conjugate passbands and filters out the residual CW seed
light; the spectrum measured after filtering is depicted in
Fig. 1 (upper right).
The common-spatial-mode nature of our interferome-
ter ensures passive phase stability, with no need for ac-
tive locking. It also preserves the co-polarized character
of the interacting fields; even though fiber propagation
modifies the overall polarization state in a complex man-
ner, it does so identically for all three fields, obviating the
need for additional polarization control before the sec-
ond HNLF link. However, unlike our intrinsically stable
free-space NLI,15 the transmission between HNLF links
is significantly lower here, due to the ∼4.5 dB insertion
loss imparted by the pulse shaper. To maintain high gain
in the second nonlinear beam splitter without separating
and amplifying the pump, we employ a longer HNLF link.
For example, if we consider the simple approximation of
monochromatic interacting beams and neglect pump de-
pletion, the FWM gain can be written as
G = 1 +
γ2P 2
∆β
(
γP − ∆β4
) sinh2{√∆β(γP − ∆β
4
)
L
}
,
(1)
where ∆β is the wavevector mismatch between pump,
probe, and conjugate fields, γ the nonlinear coefficient,
P the pump power, and L the fiber length.21 For two fiber
links with {P1, L1} and {P2, L2}, one can always find a
set of frequencies (i.e., ∆β value) such that G2 ≥ G1, as
long as L2/L1 & P1/P2. With P1/P2 ≈ 3.5 in our sys-
tem, taking the second link at 510 m readily satisfies this
condition. Admittedly, in the pulsed regime of the cur-
rent experiments, this reasoning is only approximate, but
it nonetheless represents a valuable starting point and al-
lows us to realize comparable parametric gain values even
with widely different pump powers.
Incidentally, recent NLI studies have explored situa-
tions in which intentionally unbalancing the two non-
linear beam splitter gains could be beneficial in com-
pensating loss.18,28 Therefore, our approach for varying
fiber length to control gain under the restriction of lim-
ited pump power offers a useful added degree of free-
dom in NLI design—particularly in lossy environments—
enhancing the value of our reported results and under-
scoring a natural strength of fiber-based NLIs.
To look for phase-sensitive interference, we apply a uni-
form phase shift to the probe passband using the pulse
shaper and measure the conjugate spectrum at the NLI
output; Fig. 2(a) plots the results of 32 different probe
phases from 0 to 2pi. High-contrast interference is ob-
served, with a 554 GHz bandwidth attaining visibili-
ties in excess of 90%, where at each frequency we de-
fine visibility in terms of maximum and minimum power:
V = (Pmax−Pmin)/(Pmax +Pmin). This result highlights
the broader bandwidth possible compared to more tra-
ditional atomic-based NLIs. Moreover, the experimental
response qualitatively matches simulations obtained from
the split-step Fourier method.29,30 In Fig. 2(b), we plot
numerical solutions of the nonlinear Schro¨dinger equa-
tion using a combination of measurements and best es-
timates of our system parameters: for the average op-
tical power at each stage, as well as the insertion loss
of all components, we use experimental measurements;
the HNLF parameters we take from the datasheet (γ =
9.3 W−1 km−1, 1542 nm zero-dispersion wavelength, and
0.071 ps nm−2 km−1 dispersion slope); and for the pas-
sively mode-locked pump, we assume a hyperbolic-secant
shape with a full-width at half-maximum of 6 ps. Since
the absolute power in Fig. 2(a) depends heavily on the
instrument response of our optical spectrum analyzer, for
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FIG. 2. (a) Measured conjugate spectra for 32 different probe
phases. The shaded region denotes frequencies with visibili-
ties exceeding 90%. (b) Simulation results for the same con-
figurations as in (a). (c) Output power against phase at the
maximum visibility point [νfringe in (a)].
comparison purposes we plot the simulation results on an
arbitrary relative scale covering 30 dB, for the same total
range.
Key experimental features such as the low-frequency
shoulder and sharp dips in the high-contrast region of
the spectrum are reproduced in simulation, indicating
reasonable agreement with theory. The differences that
are present, however, we believe result from uncertainty
in our parameter estimates. Nonlinear effects are highly
sensitive to the pump peak power, and we currently do
not have access to tools (such as autocorrelation or spec-
tral phase retrieval) to accurately determine the pulse
shape; additionally, potential variations in dispersion
through the HNLF could lead to nontrivial gain vari-
ations not incorporated into the simulation. We thus
expect with further pulse and material characterization,
greater theoretical and experimental congruity should be
possible. Nonetheless, the current simulations do cap-
ture effects such as self-phase modulation, pump deple-
tion, and differences in spectral gain profiles of the two
fibers—typically neglected in basic NLI theory—which
are likely responsible for the intricate features present in
both Figs. 2(a) and (b). Experimental investigation of
these phenomena will also require more detailed optical
and fiber characterization, which we intend to explore in
future work.
Figure 2(c) shows the interference at frequency
νfringe = 195.433 THz, marked on Fig. 2(a), for scans
of both the probe and pump phases. There is 15 dB of
phase-insensitive gain and an additional 3 dB of phase-
sensitive gain in the second parametric amplifier.31 As
expected for single-pump FWM, the pump phase period
is half that of the probe. The raw visibilities in Fig. 2(b)
are 0.976 and 0.967 for probe and pump phase scans,
respectively. We emphasize that these visibilities are ob-
tained from the average optical power directly, without
any additional electronic filtering or locking to the pulse
duration.
Having shown the first major requirement of a suc-
cessful NLI—output power that oscillates with intra-
interferometer phase—we now study the second key en-
abling feature: cancellation of correlated noise. In the
most straightforward case, quantum-enhanced sensitiv-
ity can be demonstrated via side-by-side comparison to
a conventional interferometer.14,17 However, given the
single spatial mode in our current setup, incorporating
an equivalent linear interferometer would require sub-
stantial modifications. Nevertheless, we can character-
ize the noise scaling in our NLI and compare it against
that required for quantum-enhanced sensitivity. In the
ideal case (no loss, matched gain), the output conjugate
field, with photon number operator nˆc, should possess
super-Poissonian photon statistics at interference max-
ima, 〈∆nˆ2c〉 > 〈nˆc〉, and reduce to Poissonian statistics
approaching the dark fringe, 〈∆nˆ2c〉 = 〈nˆc〉.15 Accord-
ingly, a key signature of a properly functioning NLI is
noise that varies with phase, exceeding the shot-noise
level at maxima and approaching it at minima.
We employ the detection setup in the lower right inset
of Fig. 1 for evaluating optical noise. To avoid potential
complications from spectrally nonuniform gain, we filter
out a ∼100 GHz optical band centered at 195.5 THz,
and send it to a balanced pair of detectors (Thorlabs
PDB570C). For measurement of the total noise, we di-
rect all optical power to one detector, with the other
blocked; to obtain the equivalent shot-noise level, we split
the filtered conjugate field with a 50/50 fiber coupler and
connect both paths to the detectors. Figure 3(a) plots
the total optical power incident on the detectors in each
case, as the intra-NLI probe (top) and pump (bottom)
phases are scanned; the visibility for all four scans is 93%
within error. In Fig. 3(b) we plot the radio-frequency
(RF) noise level measured on the spectrum analyzer, af-
ter subtraction of the electronics floor. The frequency
offset is 20 MHz, with resolution and video bandwidths
of 100 kHz and 1 Hz, respectively; error bars are com-
puted from the statistics of a 7.8 s analyzer trace. The
noise does vary significantly between the two configura-
tions: the single detector noise exceeds the balanced case
by over a factor of three near bright fringes, but reduces
to the balanced level at dark fringes.
To confirm that the balanced cases do represent the
shot-noise level, we also plot the RF noise against the
corresponding optical power. Figure 3(c) verifies that
the balanced detector noise scales as expected for shot
noise; all data points fall on the linear best fit to within
error. (The linear scaling down to low powers also es-
tablishes that the measurement is not limited by the
electronics floor, but reflects true optical noise.) Inter-
4FIG. 3. Noise characterization of output conjugate field. The top row shows results from scanning the probe phase, the bottom
row from scanning the pump. The labels “single” and “balanced” denote the two detector configurations. (a) Average optical
power incident on both detectors. (b) RF noise measured on spectrum analyzer. (c) Noise plotted against optical power.
Except for the linear fits in the balanced cases of (c), all curves are guides to the eye obtained from cubic spline interpolation.
estingly, the single detector noise displays two distinct
branches, reflecting different noise levels at the same av-
erage power, depending on the particular phase. We sus-
pect that effects such as, e.g., gain saturation could be
the cause of such asymmetric noise. Given the interplay
between intra-NLI loss (which tends to decorrelate the
optical noise) and spectral filtering (which likely elimi-
nates a large portion of super-Poissonian noise), it is un-
clear how these absolute noise levels compare to theoret-
ical predictions. Nonetheless, the dark-fringe reduction
in optical noise relative to the shot-noise level confirms
that significant cancellation is occurring in our system,
and indicates the potential to realize quantum-enhanced
sensitivity based on this design. Therefore, while do not
perform full tomography to compare operation to ideal
SU(1,1) Lie algebra, we do observe the two necessary fea-
tures for useful SU(1,1) interferometry: phase-sensitive
gain and correlated noise cancellation.
Looking toward application in practical sensors, the
flexibility realized by the commercial pulse shaper in the
current setup should not be necessary for most special-
ized tasks, so that loss could be markedly reduced. For
example, removing the pulse shaper from Fig. 1 gives
a total loss from IN to OUT of only 1.8 dB, compara-
ble to free-space NLIs based on 85Rb.17 If the quantity
to be sensed imparts a spectrally selective phase shift,
i.e., it modifies pump, probe, and conjugate fields dif-
ferently, it should be possible even to utilize the current
single-spatial mode structure in an installed system. In
a more general situation, low-loss add-drop multiplex-
ers could be inserted after the first HNLF link to couple
the probe field to the device under test, and then re-
turn it to the second HNLF link for interference. More-
over, whereas here we consider three interacting pulsed
modes to enhance peak power, single CW pumps have
been shown to simultaneously amplify dozens of inde-
pendent frequency pairs over multi-THz bandwidths,24
which in an NLI could facilitate spectrally resolved sens-
ing of multiple quantities in parallel.
Finally, we note an interesting connection between
our fiber-based NLI and previous work in fiber-
optic parametric amplifiers. The sequence of seeded
phase-insensitive amplification, loss, and phase-sensitive
(de)amplification is physically equivalent to the so-called
copier-PSA in classical communications.22,23 However,
the designed operating points differ significantly. To
maximize output power, a copier-PSA should operate at
a bright fringe, where correlations between probe and
conjugate noise (produced in the copier stage) are phase-
sensitively amplified, undesirably raising the noise figure
of the PSA beyond its ideal value of 0 dB. Consequently,
a large amount of loss between copier and PSA is bene-
ficial to reduce correlated noise between the input fields
and attain ideal copier-PSA performance. As amplifica-
tion in a communication channel may be applied after
link transmission (loss), this requirement is reasonable
in practice. On the other hand, an NLI realizes opti-
mal sensitivity around the dark fringe, where probe and
conjugate noise correlations are needed to produce the
cancellation exploited for enhanced sensitivity, so loss is
deleterious. In this way, our current work highlights a
useful, distinct, and complementary operating regime for
fiber-optic parametric amplifiers.
In conclusion, we have realized an all-fiber SU(1,1)
interferometer, based on optical four-wave mixing in
HNLF. We measure large gain, broad bandwidth, and
high visibility, observing noise cancellation at dark
fringes. Our NLI should have the potential to enable
5quantum-enhanced sensitivity in fiber-optic sensors.
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